ABSTRACT Wireworms (Coleoptera: Elateridae), the subterranean larval stage of the click beetle, are becoming more prevalent in many cropping systems and posing an increasing economic threat to wheat growers in the PaciÞc Northwest following the cancellation of the insecticide lindane in 2006. Current insecticide seed treatments alone are not adequate for wireworm control. The objective of this study was to evaluate a diverse set of 163 wheat genotypes for tolerance to wireworm feeding. Entries were planted in replicated Þeld trials over 3 yr and evaluated for their performance when grown in the presence of wireworms. Entries were rated based on survival and given a tolerance score. Results indicated that differences exist among wheat genotypes in their level of tolerance to wireworm feeding. In particular, consistently high-ranking genotypes of interest may be ÔBR 18Õ, ÔSonalikaÕ, ÔSafed LermaÕ, and ÔHollisÕ. These genotypes, used in conjunction with other cultural or chemical control methods, may help provide an economic means of controlling wireworms.
Wireworms are the subterranean larval stage of the click beetle (Coleoptera: Elateridae) and are becoming more prevalent in many cropping systems (Ellis et al. 2008) . Wireworms are posing an increasingly serious economic threat to wheat growers in the PaciÞc Northwest following the Environmental Protection AgencyÕs cancellation of the effective insecticide lindane in 2006 (Vernon et al. 2011) . Neonicotinoid insecticides like thiamethoxam and imidacloprid, used now in place of lindane, give a measure of protection to seedling establishment in the spring; however, they are often sublethal and serve to repel rather than kill wireworms ), allowing population buildup and continuous infestation (Vernon et al. 2009 ). Recommended use rates of these chemicals have substantially increased in recent years to achieve tolerable wireworm suppression, thus narrowing proÞtability and increasing environmental costs, signaling that current chemical controls cannot alone provide a sustainable wireworm management strategy.
The subterranean habits of wireworms, their ability to quickly locate food by following carbon dioxide gradients produced by plant material in the soil (Doane et al. 1975) , and their capacity to recover from nonlethal exposure to commonly used insecticides , make them especially pestiferous and difÞcult to eliminate from Þelds. Wireworms typically spend from 2 to 5 yr in the soil feeding on planted seed, roots, and ground-level stems of wheat and other crops and weeds (Andrews et al. 2008) . Wireworm feeding, whether on seed, which precludes germination, or on seedling roots and stems, which stunts or kills the plant, can cause serious losses to wheat growers (Prescott et al. 1986 ). Though the extent of damage to wheat varies with wireworm population density and crop maturity, dense populations can destroy entire Þelds. In severe cases, growers must replant to establish a stand dense enough to suppress weeds and to grow wheat proÞtably. Such potential for wireworm crop damage and grower losses needs improved solutions that will provide reliable crop protection against the pest.
Many pests of crop plants can be controlled in at least one of three ways: environmentally (crop rotation, biological agents, etc.), with pesticides, or with crop genetics (Maloy 2005) . Although work has been conducted to evaluate control options through environmental or pesticidal control (Hall and Cherry 1993 , Ansari et al. 2009 , Vernon et al. 2009 ), few studies have been conducted to identify if crops carry genetic resistance or tolerance to wireworms and the basis for these mechanisms , Andrews et al. 2008 ). The lack in genetic studies is probably owing to historically effective chemical control of this pest. In wheat, producers and crop researchers, relying on chemical control, have not made genetic control an important part of wireworm management. Now, with the loss of an effective insecticide, wheat is left in a vulnerable state, with researchers rushing to Þnd new methods and chemicals to control wireworms.
Heritable tolerance of wireworm feeding would provide consistent worry-free wheat crop protection at no extra cost to the grower, and would greatly augment other pest control strategies used in an integrated pest management system. However, no screen to identify wireworm-tolerant wheat cultivars has ever, to our knowledge, been performed, likely because lindane provided satisfactory wireworm control up into the last decade. Several wireworm resistance screens have been successfully realized for potatoes Novy 2006, Andrews et al. 2008) , and a screen of wheat varieties has identiÞed a genetic basis for resistance to the wheat stem maggot (Meromyza americana Fitch; Branson 1971), lending credence to the wireworm tolerance screen of wheat undertaken in this study. The objective of this study was to screen a diverse set of global wheat germplasm to identify tolerance of wireworm feeding.
Materials and Methods
Genotypes were selected from a world collection to evaluate the global diversity of wheat (Supp Table 1 [online only]) and consisted of 128 entries. An additional 35 entries were added from commonly grown PaciÞc Northwest wheat varieties, along with two oat (Avena sativa L.) cultivars, a Bt corn (Zea mays L.) variety, and a common sweet corn variety. The oats and Bt corn entries served as tolerant checks and visual markers in the Þeld. The common sweet corn variety served as a susceptible check. Untreated seed was arranged in a randomized complete block design and planted at four locations (Moscow, ID; Pullman, WA; Rosalia, WA; Chattaroy, WA) in April 2010. Locations were selected based on cooperator observations of wireworm presence and damage to prior wheat crops. Each year, bait traps were set at trial locations to conÞrm the presence of actively feeding wireworms (Esser 2012) . Traps were removed after 7Ð10 d and wireworms were counted. A four-shank plow (custom built) was used to create furrows for planting, and 5 g seed of each entry was hand planted into rows measuring Ϸ0.3 m in length and covered with soil. In 2010, entries were rated on stand establishment and seedling survival over a 2-mo period using a visual scale of "0" to "2" where "0" ϭ plant death (0 Ð25% plant stand); "1" ϭ average plant stand (25Ð75% plant stand); "2" ϭ healthy plant stand (75Ð100% plant stand). This scale was used to quickly reduce the number of entries from 163 to only the entries which had the best performance in the Þeld. In each year, plants were dug and inspected to conÞrm wireworm feeding.
Data gathered in 2010 were summarized and used to select the top-performing 41 genotypes with the highest mean performance across time and locations to be planted in the spring of 2011. The two oat cultivars and Bt corn entry were again included as tolerant checks. Thirty untreated seeds of each wheat and oat genotype, and 12 seeds of the corn entry, were counted using a Seedburo 801 Count-A-Pak (Seedburo Equipment Co., Des Plaines, IL) and arranged in a randomized complete block design. Three locations (Rosalia, WA, and two locations near Colfax, WA) were planted with six replicates per location. Seeds were planted in rows measuring Ϸ0.9 m in length using a Wintersteiger plot drill (Wintersteiger Ag, Austria) with double-disc openers. In 2011, because a known number of seeds were planted for each entry, and in an effort to clarify performance ratings, the following modiÞcations were made to the rating scale. Genotypes were rated post emergence on a "0" to "4" scale, where "0" ϭ 0% stand, "1" ϭ Ϸ 25% stand, "2" ϭ Ϸ50% stand, "3" ϭ Ϸ75% stand, and "4" ϭ Ϸ100% stand. This rating scale was used, as it provided the most efÞcient, consistent, and repeatable measure of plant stand, as only single rows were being evaluated and not full plots. Ratings were taken every 7Ð10 d as needed. The total score of each genotype was divided by the total possible score to give a percentage, a value hereafter referred to as tolerance score. Data were not transformed before analysis. Statistical analysis of data were performed using the PROC GLM procedure in the statistical package SAS V9.2 (SAS Institute 2009) and presented as tolerance score. Location and entry were both considered random effect for the analysis. Fisher unprotected LSD test was performed to identify signiÞcant difference between entries and to control for individual type I error rate for each comparison.
Data from 2011 were used to select 18 top-performing genotypes. In 2012, untreated seeds of these 18 genotypes were planted in a randomized complete block design, with 12 replicates, following the same procedures as in 2011. The cultivar ÔEdenÕ was also included as a susceptible check based on its poor performance in 2010 (data not shown), along with Bt corn and one oat cultivar as the tolerant checks. Two locations were planted in 2012 (Colfax, WA, and Moses Lake, WA). Ratings were taken at the same frequency and using the same scale as in 2011.
Results
Analysis of the wireworms collected indicated that the majority were Limonius infuscatus Motschulsky, with a small proportion of Limonius californicus Mannerheim in selected Þelds (K. Pike, personal communication). Although the number of trapped wireworms varied between locations (data not shown), all experimental sites were conÞrmed to have populations of wireworms at a level sufÞcient to cause high to extreme economic damage (Esser 2012) . When the 2011 data were analyzed across locations, the location ϫ genotype interaction was nonsigniÞcant (Table  1) . Therefore, data from 2011 are presented as an average across locations. A planting error at the 2012 Colfax site caused the Þrst four replications of the experiment to be lost. As a result, data from the 2012 locations are presented separately. Genotype, location, and block were signiÞcant sources of variation in 2011. Genotype and block were also signiÞcant at both 2012 locations. The oat and Bt corn entries consistently produced the highest survival scores in each trial. However, because the intention of this work was to evaluate wheat genotypes, and in an effort to clarify wheat performance, data from the oat and corn entries were removed before analysis and are not presented here.
Genotypes in the 2010 trial had tolerance scores that ranged from 5 to 80%, with a mean of 48%. Based on the 2010 trial data (not shown), the top 41 genotypes were selected to be advanced to the 2011 trial. In 2011, tolerance scores ranged from 15 to 44%, with a mean of 30% (Table 2 ). The top 20 entries from the 2011 trial, evaluated in 2012, had tolerance scores that ranged from 14 to 85%, with a mean of 50%. The increase in the mean value for the trials indicates that selection successfully identiÞed more varieties tolerant to wireworms. Variation in mean values across years also indicates variation in the amount of wireworm pressure seen at each location. The continuous range, though, indicates that some of the positive scores from previous years were owing to escapes, and not true tolerance. This is demonstrated by the cultivar ÔBajioÕ, which was selected for advancement in 2011 trials with a mean score of 37%, yet demonstrated only 15% survival in the 2012 Colfax trial.
At 44%, ÔReesÕ produced the highest tolerance score in 2011 (Table 2) . Along with Rees, 16 other genotypes were in the top signiÞcance group for tolerance score in 2011. Tolerance scores of these 16 genotypes varied by only 11%. ÔVerdeÕ was the lowest ranking genotype in 2011 with a tolerance score of 15%, and 15 genotypes were in the bottom signiÞcance group (Table 2) . ÔBR 18Õ yielded the highest tolerance score at the 2012 Colfax site and had the second highest tolerance score at the 2012 Moses Lake site (Table 3) . BR 18 and ÔSonalikaÕ were the only two entries in the top significance group for tolerance score at the 2012 Colfax site. Although ÔPitic 62Õ had a lower tolerance score of 23% at the Colfax site, its score of 85% at Moses Lake was the highest in the trial. The top signiÞcance group at Moses Lake contained 11 of the 18 wheat genotypes. The lowest scoring entry at Moses Lake was ÔWB-GunnisonÕ, with a tolerance score of 53%. This low score was nearly 40% higher than the lowest scores in 2011 and the 2012 Colfax trial, indicating limited wireworm pressure at this location. Comparing the two locations in 2012, tolerance scores for each genotype were higher at Moses Lake. However, with the exception of Pitic 62, the top four entries were the same at each location (Table 3) . These four entries were BR 18, ÔSafed LermaÕ, Sonalika, and ÔHollisÕ (a locally grown PaciÞc Northwest cultivar). BR 18 and Sonalika were the only two entries to be in the top signiÞcance group for tolerance score in all three trials. a Genotypes were rated post emergence on a 0 to 4 scale, where: 0, 0% stand; 1, 25% stand; 2, 50% stand; 3, 75% stand; and 4, 100% stand. a Genotypes were rated post emergence on a 0 to 4 scale, where: 0, 0% stand; 1, 25% stand; 2, 50% stand; 3, 75% stand; and 4, 100% stand.
Discussion
Our results show that differences exist among wheat genotypes in their tolerance to wireworm feeding in a Þeld setting. Owing to an increasing number of Þeld replications, from 2 in 2010, to 6 in 2011 and 12 in 2012, it is unlikely that high tolerance scores were a result of escape. Although some varieties may have escaped wireworm feeding in one or two replications, the consistency of BR 18 and Sonalika in all trials over years and replications indicates these varieties truly have some tolerance to wireworm pressure. The lower tolerance scores observed in 2011 are likely owing to the averaging of scores across locations. Wireworm pressure varied between Þelds and high pressure in some locations lowered tolerance scores. It is also evident that differences in wireworm pressure existed between the two 2012 trial locations.
In 2012, scores from Moses Lake were substantially higher than scores from Colfax. Although the growerÕs Þeld in Moses Lake demonstrated severe wireworm pressure early in the growing season, prompting use of this location, our trial saw limited pressure. This may be owing to the soil type in Moses Lake (very Þne sandy loam), the ability of entries to produce more tillers under irrigation and outgrow damage, or because this trial was under irrigation, making the Þeld conditions less desirable for wireworm feeding owing to the continual dryÐwet cycle. Pitic 62 was in the top signiÞcance group in the 2011 trial and at Moses Lake, whereas it was in the bottom signiÞcance group at Colfax. Given that Pitic 62 had high scores in 2011 and at Moses Lake, it seems more likely that the poorer performance of Pitic 62 at Colfax was owing to factors other than wireworms. Eden, the susceptible check, was among the lowest rated genotypes at Colfax and Moses Lake. In addition, BR 18, Sonalika, Safed Lerma, and Hollis were all among the top performing genotypes at both 2012 locations as well as in 2011 trials.
It is unlikely that the high tolerance scores of some genotypes are owing to a true gene for pest interaction. The tolerance may be caused by preferential feeding by wireworms or physiological factors such as crown depth, root mass, growth habit, growth rate, etc. Little is known about the varieties BR 18, Sonalika, and Safed Lerma. BR 18 is a semidwarf winter wheat released from Bolivia in 2001 mainly for resistance to wheat blast (Magnaporthe oryzae B.C. Couch & L.M. Kohn). Sonalika is a semidwarf spring wheat released in India in the early 1960s from the International Maize and Wheat Improvement Center (Centro Internacional de Mejoramiento de Maṍz y Trigo [CIMMYT]) breeding material (Yasin et al. 2011 ). This line was one of the Þrst to usher in the "Green Revolution" in India owing to its short stature and resistance to all three wheat rust (Puccinia sp.) species. Safed Lerma is also a semidwarf spring wheat introduced into India around the same time as Sonalika, although this variety was not as popular. Hollis, one of the more tolerant PaciÞc Northwest cultivars, is a standard height cultivar lacking any dwarÞng genes (Kidwell et al. 2004) . DwarÞng genes are associated with shorter plant height, but can have pleiotropic effects on root length as well (Wojciechowski et al. 2009 , Li et al. 2011 , Chen et al. 2013 ). Thus, Hollis, being standard height whereas most other varieties tested were semidwarf, may also have a larger root system, which may contribute to better wireworm tolerance. Further research is needed to evaluate the factors contributing to wireworm tolerance in these cultivars.
The Þeld screening undertaken in this research yielded differences among genotypes and should prove to be useful information for future assessments of wireworm tolerance. In particular, genotypes of interest may be BR 18, Sonalika, Safed Lerma, and Hollis. These genotypes, used in conjunction with other environmental or chemical control methods, may help provide an economic means of controlling wireworm.
